Photolithographic patterning of subwavelength top emitting colloidal quantum dot based inorganic light emitting diodes on silicon
The combination of lithographic patterning and nanostamping methods makes it possible to accurately define diffraction-limited multicolor ͑wavelengths 560-620 nm͒ light sources on a silicon substrate. We demonstrate a postprocessing technique that utilizes standard photolithography process to pattern the cathode of top emitting diode. Correlation of electroluminescence, photoluminescence, and atomic force microscopy topography showed that the emission region is well defined through the robust multiscale patterning techniques, with the fineness of the emitting area mainly limited by the point spread function of the observing microscope. © 2010 American Institute of Physics. ͓doi:10.1063/1.3373832͔
Site-controlled patterning of light emitting diodes ͑LEDs͒ is important in applications such as high resolution arrays, 1 large screen displays, 2,3 microelectromechanical systems ͑MEMS͒, 4 optoelectronic systems, 5 and multicolor excitation source in micrototal analysis systems ͑-TAS͒. 6 Organic light emitting diodes ͑OLEDs͒ have attracted the attention due to its easy integration with displays. 2, 3, 7 Conventional photolithographic patterning have been difficult for OLED fabrication due to the failure of the devices on being exposed to water, oxygen, and solvents. [8] [9] [10] [11] Typical patterning of OLEDs 12, 13 has been demonstrated using shadow-mask technique, 14, 15 laser ablation, 16 and stamping-induced lift off [17] [18] [19] where each has certain shortcomings. Shadow mask techniques have limited resolution 14 because of shadow effects. Cold welding techniques require pressure and temperature control during contact stamping to prevent damage to the organic layers. [17] [18] [19] Alternate methods to pattern OLEDs have been demonstrated by patterning the active layer. Polymer-based LEDs have been patterned utilizing screen printing, 20 inkjet printing 21 soft-lithography, 22, 23 and capillary lithography techniques. 24 Resolution in these methods is not comparable with the advanced photolithography.
Photolithography is a commonly used process in fabrication of microelectronic integrated circuits. Such patterning techniques for most advanced devices enable controlled feature size on the order of 100 nm. These have seen wide applications such as complementary metal oxide semiconductor ͑CMOS͒ or MEMS. In this paper, we introduce photolithographic patterning of metal cathode for top emitting quantum dot based inorganic light emitting diodes ͑QD-LED͒ on silicon substrates. Since our device consists of metals, silicon and metal oxides, standard microfabrication processes can be applied to obtain controlled feature size of the electrode with greater accuracy. We also utilize a nanostamping technique for patterning colloidal QDs. The combination of both methods makes it possible to define multicolor light sources, which open up the possibilities for creating nanophotonic microsystems for imaging and sensing.
The inorganic QD-LED device fabrication starts from a p-silicon that acts as the hole transport layer, with 1 nm SiO 2 as the buffer layer as shown in Fig. 1 . We deposit modified Langmuir-Schaefer films ͑two to three monolayer's͒ of CdSe:ZnS ͑Evident Technologies͒ core-shell colloidal QDs via microcontact printing ͑CP͒ ͓Figs. 1͑a͒ and 1͑b͔͒ using polydimethylsiloxane ͑PDMS͒ stamp, as we developed previously. 26 QDs sizes are typically varied and obtained by controlled precipitation process. 25 The electron transport layer is a mixture of cosputtered ZnO and SnO 2 ͓Fig. 1͑c͔͒. The structure is completed by e-beam evaporating 15 nm thick aluminum ͑Al͒ cathode onto ZnO: SnO 2 layer. Optical transparencies of the ZnO: SnO 2 films for visible wavelengths were measured to be 90%. Fabricated diodes were then postprocessed using conventional lithographic techniques. Standard fabrication tools are used without any modifications. AZ5209A photoresist was spin coated and exposed ͓Figs. 1͑d͒ and 1͑e͔͒. Patterns with feature size 5 m were developed using AZ726MIF then baked at 90°C. The pattern was etched into the device using reactive ion etching ͑RIE͒ technique with a gas mixture of CF 4 and Cl 2 to etch the Al layer. Longer etching time etched ZnO: SnO 2 and QD layer as shown in Fig. 1͑f͒ . Residual resist was removed by using alcohol and plasma cleaning.
The light emitting area can be defined either by patterning the QD layer or the cathode. A combined patterning technique where the top electrode is patterned over patterned QDs was used to form a QD-LED. to form 20 m wide lines perpendicular to the QD pattern. Figure 2͑b͒ gives a schematic of the device.
LEDs with different QD particle diameters, namely 9.8 nm, 9.0 nm, 8.4 nm, and 7.8 nm, for emission wavelength 620 nm, 600 nm, 580 nm, and 560 nm, respectively, were tested with the same device configuration. Figure 3 gives the photoluminescence ͑PL͒ and electroluminescence ͑EL͒ spectra for 600 and 560 nm LEDs. The EL spectra measured are well correlated with the PL ͑full width half maximum of ϳ40 nm͒. An increase in EL intensity was observed with increased current injection. Figure 4͑a͒ shows the current density versus voltage and EL intensity characteristics. The luminance of the devices for emission wavelength 620, 600, 580, and 560 nm was measured at 10 V and calculated to be 332, 487, 135, and 155 cd/ m 2 . The measured emission area was 100ϫ 100 m 2 . Current density of 12.3, 10.9, 12.0, and 19.9 mA/ mm 2 and turn on voltage of 3.5 V, 4.0 V, 4.5 V, and 5.5 V with 1 ϫ 2 mm 2 top electrode was measured for 620 nm, 600 nm, 580 nm, and 560 nm diodes, respectively. Most diodes demonstrated steady light emission for over five hours of operation with Al as the cathode, proving the great stability of multi-layer structure ͓Fig. 4͑b͔͒. Decrease in light emission was observed for diodes having Ag/Au as the cathode fabricated previously. 26 Use of Al as the top electrode enables better CMOS compatibility and postprocessing capability.
It is important to control patterning of both the light emitting layer and the metal cathode. We studied the limitation of two methods, namely ͑a͒ Nanopattern stamping which defines the area of patterned QDs and ͑b͒ Lithographic patterning of the top metal cathode that defines the area of charge injection. PDMS nanopattern stamps were used to transfer QDs onto the substrate. Nanoscale EL from QDLEDs was observed ͑Fig. 5͒. Variation in light intensity of the pattern was due to nonuniformity in thickness of QDs deposited. As discussed previously, thicker QDs require more injection current, since they are highly resistive. 26 AFM was performed on the nanopatterned LED after observing EL from the device. Scanned feature size varied from 500 ϫ 500 to 800ϫ 800 nm 2 . Variation in the size of patterned QD islands was due to the difficulty of creating a perfect PDMS replication of the nanopatterns, while the thickness distribution is attributed to our modified Langmuir-Schaefer film formation process. Height observed using AFM ͑ϳ20 nm͒ was correlated with the EL intensity measured for the exact same region ͑Fig. 6͒ for particles with emission wavelength 600 and 560 nm. Microscope acts as a diffraction limited optical system. Resolving power of the objective is expressed as the point-spread function ͑PSF͒. Measured optical intensity is the convolution of the actual emitting area and the PSF. These intensity profiles were compared with the airy pattern that was theoretically calculated for our micro- scope objective ͓100ϫ Olympus MPlan N, numerical aperture ͑NA͒ 0.9͔ and the emission wavelengths. The NA is among the highest available with an air medium. For certain cases, the emission profile was comparably as small as the PSF calculated ͑Fig. 6͒ indicating that smaller numbers of particles were electrically excited compared to the area of particles deposited. The emission profile is mainly defined by the PSF of the microscope. The actual emitting areas are estimated to be smaller than 100 nm. In other cases the EL intensity peak profile was larger than the AFM measured profile, indicating that the entire 500ϫ 500 nm 2 area of particles were electrically excited. The EL profiles for those cases are still largely affected by the PSF.
For lithographically patterned LEDs, the smallest feature size of the electrode was 5 m ͑Fig. 7͒. A large area ͑4 mm 2 ͒ of QDs was stamped and subsequent layers were deposited. The diodes were postprocessed and no significant damage was observed, proving that our device is robust for standard device fabrication processes. On application of voltage ͑ϳ3.5 V͒, light emission ͑wavelength 600 nm͒ was observed from the patterned top Al electrode. AFM measurement was performed on patterned electrode and correlated with the EL intensity. Double-lined edges can be found on the sides of each line in the AFM image ͓Fig. 7͑c͔͒. This indicates two steps in the AFM profile of an edge ͑Fig. 7͒. The EL measurement corresponds to the inside 5 m wide stripe pattern ͓Fig. 7͑b͔͒, and the PL measurement to the outside 8 m wide pattern ͓Fig. 7͑a͔͒. This suggests that the inside stripes are Al layer and the outside pattern QD layer. The QD layer had a height of ϳ25 nm and the total layers had a height of 45 nm. The increasing and decreasing profile edge of the EL is similar to that of the PSF of the microscope. This indicates that the actual emitting area is comparable to the step function defined only by the geometry of patterned Al.
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